Lung cancer is the foremost cause of cancer-related mortality, with high incidence rates, robust metastatic propensity, and frequent de novo and acquired resistance to therapy (1). Even in the setting of "addiction" to mutant receptor tyrosine kinases (RTKs) that are pharmacologically targetable, tumors undergo only transient responses to targeted therapy and subsequently develop drug resistance that frequently results in death (2). The incidence of KRAS mutations exceeds that of RTK mutations in lung adenocarcinoma, and currently available therapeutic strategies do not effectively target mutant KRAS (3). KRAS-mutant lung adenocarcinomas commonly harbor oncogenic mutations in TP53 and STK11 that confer metastatic capacity (4). Thus, inhibition of mutant oncoproteins reduces tumor burden but does not eradicate disease in patients with lung cancer, warranting the development of other treatment strategies that complement the beneficial effects of tumor cytoreduction.
Introduction
Lung cancer is the foremost cause of cancer-related mortality, with high incidence rates, robust metastatic propensity, and frequent de novo and acquired resistance to therapy (1) . Even in the setting of "addiction" to mutant receptor tyrosine kinases (RTKs) that are pharmacologically targetable, tumors undergo only transient responses to targeted therapy and subsequently develop drug resistance that frequently results in death (2) . The incidence of KRAS mutations exceeds that of RTK mutations in lung adenocarcinoma, and currently available therapeutic strategies do not effectively target mutant KRAS (3) . KRAS-mutant lung adenocarcinomas commonly harbor oncogenic mutations in TP53 and STK11 that confer metastatic capacity (4) . Thus, inhibition of mutant oncoproteins reduces tumor burden but does not eradicate disease in patients with lung cancer, warranting the development of other treatment strategies that complement the beneficial effects of tumor cytoreduction.
In the "migrating stem cell hypothesis," metastases arise from a small population of tumor cells with the capacity to undergo epithelial-mesenchymal transition (EMT), a reversible process characterized by a loss of polarized features, detachment from neighboring cells, increased motility and invasion, and resistance to standard cytotoxic chemotherapy (5) . EMT is induced by several families of transcriptional repressors, including ZEB, SNAIL, and basic helix-loop-helix factors (6) . ZEB1 is highly expressed in epithelial cancers (e.g., prostate, lung, and pancreatic cancers), and its expression is correlated with a poor prognosis (7) . ZEB1 represses the expression of epithelial genes and certain microRNAs (miRs), including miR-183, miR-203, and miR-200 family members (i.e., miR-200a, miR-200b, miR-200c, miR-141, and miR-429), which function not only as strong inducers of epithelial differentiation but also as inhibitors of stem cell properties (8) (9) (10) . Reciprocally, miR-200 family members directly target the ZEB1 3′-untranslated region (3′-UTR), creating a double-negative feedback loop that regulates ZEB1 and miR-200 expression (11) .
In mice that develop metastatic lung adenocarcinoma from the expression of a latent Kras G12D allele and a knock-in Trp53 R172HΔG allele ("KP" mice) (12) , the ZEB1/miR-200 axis plays a central role in metastasis regulation. When injected into syngeneic, immunocompetent mice, lung adenocarcinoma cell lines derived from KP mice (KP cells) are uniformly tumorigenic, but have variable metastatic potential (high or low) (13) . In monolayer culture, highly metastatic KP cells have a mesenchymal phenotype, high ZEB1 levels, and low miR-200 levels, whereas poorly metastatic KP cells have an epithelial phenotype, low ZEB1 levels, and high miR-200 levels (13) . Highly metastatic KP cells exhibit plasticity in 3-dimensional cultures, forming polarized epithelial spheres that undergo EMT in response to treatment with transforming growth factor-β (TGF-β), whereas poorly metastatic KP cells do not form such spheres or undergo EMT (13) . The ability of highly metastatic KP cells to undergo EMT, invade, and metastasize is abrogated by the ectopic expression of the miR-200b/200a/429 genomic cluster (13) .
In the present study, we used KP mice to identify downstream mediators of ZEB1 that are pharmacologically actionable for the purpose of developing therapeutic strategies to suppress metastasis. We focused our attention on phosphatidylinositol 3-kinase (PI3K), because it has been implicated in the expansion of various normal stem cell populations and tumor-initiating cells at the bronchoalveolar duct junction in KRAS-driven lung adenocarcinoma models (14) (15) (16) (17) (18) (19) (20) . Our findings suggest that ZEB1 activates PI3K in lung adenocarcinoma cells, thereby sensitizing mesenchymal tumor cells to metastasis suppression by PI3K-targeted therapy. We conclude that treatments to selectively modify the metastatic behavior of mesenchymal tumor cells are feasible and may be of clinical value.
Results

PI3K-regulated gene expression signature is correlated with shorter survival.
To determine whether PI3K activation is a determinant of clinical outcome in patients with early-stage lung adenocarcinoma, we probed tumors from 11 independent cohorts (n = 1,492 patients) using a gene expression signature consisting of 1,801 genes that were up-or downregulated in cancer cells treated with small-molecule inhibitors of PI3K or its downstream mediator, mTOR (21) . After grouping the tumors on the basis of their relative gene signature score values (upper, middle, and lower third), we found that patients with the strongest manifestation of the expression signature had a shorter overall survival duration, both in 9 cohorts analyzed individually and in a compendium of all 11 cohorts; the 5-year overall survival rates were 48%, 61%, and 71% for the upper, middle, and lower thirds of PI3K signature scores, respectively ( Figure 1A and Table 1 ). In one dataset for which KRAS mutation status was available (22) , there was no correlation between KRAS mutation status and clinical outcome or the presence of the gene signature; however, the gene signature was prognostic in the KRAS-mutant and wild-type groups. Overall, these findings suggest that the transcriptional programs associated with PI3K-dependent pathways are more active in aggressive human lung adenocarcinomas, but are not activated exclusively in KRAS-mutant tumors.
A PI3K inhibitor suppresses metastasis. To directly determine whether PI3K drives metastasis in lung adenocarcinoma, we treated KP mice with PX-866, a class I PI3K antagonist (23), or vehicle beginning at 4 to 5 months of age (when they had developed multifocal lung adenomas) and ending at 8 to 9 months of age (when they had invasive lung adenocarcinomas and distant metastases) (12) . PX-866 treatment inhibited PI3K activity on the basis of reduced AKT Ser473 phosphorylation levels in tumor-bearing lung tissues (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI72171DS1). Although lung tumor multiplicity did not differ between the 2 cohorts, the incidence of distant metastasis was much lower in PX-866-treated mice ( Figure 1 , B and C). A histologic analysis of tumor tissues revealed no significant difference between the cohorts in the frequencies of lung adenocarcinomas or their precursors (atypical alveolar hyperplasia, adenoma, or bronchoalveolar cell carcinoma-like lesions) ( Table 2 ), suggesting that PX-866 mitigated metastasis without suppressing the histological progression of lung tumors.
To determine whether PX-866 inhibits the metastatic properties of established lung adenocarcinoma cells, we used a panel of KP cells and human lung cancer cell lines. These cell lines had epithelial or mesenchymal features on the basis of their levels of epithelial markers (miR-200 family members and E-cadherin) and mesenchymal markers (ZEB1, Snail2, and vimentin), but E-cadherin levels were not different in KP cells (Supplemental Figure 2 , A-C), consistent with partial EMT in mesenchymal KP cells, as reported previously (13) . Unlike epithelial KP cells, mesenchymal KP cells generate highly metastatic tumors in syngeneic, immunocompetent mice and form polarized epithelial spheres in 3-dimensional cultures that undergo EMT in response to extracellular cues, whereas epithelial KP cells are poorly metastatic and do not form such spheres (13) . Our in vitro studies of mesenchymal KP cell lines revealed that PX-866 markedly reduced cell invasion in Boyden chambers ( Figure 1D and Supplemental Figure 2D ). In contrast, PX-866 did not suppress the invasion of epithelial KP cell lines ( Figure 1D and Supplemental Figure 2D ) or affect the proliferation or colony formation of any tested cell lines (Supplemental Figure 3 , A and B). In the human lung cancer cell lines, we found that PX-866 treatment did not detectably change cell proliferation or colony Figure 3 , C and D), but did inhibit the migration of mesenchymal cells, the basal activity of which was higher than that of epithelial cells (Supplemental Figure 4A) ; it also decreased the invasion of the 2 cell lines (H1299 and H157) that had measurable invasive activity in Boyden chambers (Supplemental Figure 4B ).
To determine whether PX-866 has an antimetastatic effect on invasive lung adenocarcinoma cells, we injected syngeneic, immunocompetent mice subcutaneously with highly metastatic KP cells (344SQ or 531LN2) 1 day after the start of PX-866 treatment, which potently decreased intratumoral AKT Ser473 phosphorylation (Supplemental Figure 5A) . After a 6-week course of treatment with PX-866, mice bearing 344SQ tumors had diminished numbers of lung metastases, but no change in primary tumor size, whereas the same schedule of PX-866 treatment markedly reduced primary tumor size and the incidence of lung metastases in mice injected with 531LN2 cells ( Figure 1E ). PX-866 had no significant effect on 531LN2 tumor growth or metastasis when treatment was delayed until 7 days after 531LN2 cell injection (Supplemental Figure 5B ), suggesting that PX-866 decreased the attachment of 531LN2 tumors.
On the basis of the evidence described above that epithelial and mesenchymal KP cells are differentially sensitive to invasion suppression by PX-866, we postulated that sensitivity to PX-866 is regulated by the ZEB1/miR-200 axis, which controls bidirectional transitions between epithelial and mesenchymal states (24) . Compared with its effects on control transfectants (393P_vector), PX-866 more potently inhibited the invasion of an epithelial KP cell line (393P) that was stably transfected with ZEB1, which induces EMT and increases the invasive and metastatic properties of 393P Figure 1G and Supplemental Figure 6B ). The inhibitory effect of PX-866 on PI3K-dependent signaling, as measured by suppression of AKT phosphorylation, was enhanced by ectopic ZEB1 and attenuated by ectopic miR-200b/200a/429 (Supplemental Figure 6C) . Thus, the ZEB1/ miR-200 axis regulated cell sensitivity to PI3K antagonism.
ZEB1 increases p110α catalytic activity by stimulating an EGFR/ ERBB2 autocrine loop. We reasoned that the increased sensitivity of mesenchymal KP cells to PX-866 may result from higher basal PI3K enzymatic activity in those cells. To examine this possibility, we first performed an ELISA to quantify the levels of phosphatidylinositol (3,4,5)-triphosphate (PIP3) produced in vitro by p110α, p110β, p110γ, or p110δ immunoprecipitated from a panel of epithelial and mesenchymal KP cells. Mesenchymal KP cells had significantly higher p110α activity, whereas the activity levels of the other p110 family members did not significantly differ between mesenchymal and epithelial cells ( Figure 2A ).
We sought to understand why p110α enzymatic activity was higher in mesenchymal KP cells than in epithelial KP cells. Expression of the PTEN lipid phosphatase, a suppressor of PI3K activity, was Figure 2E ), which was confirmed by ELISAs of amphiregulin and β-cellulin protein levels in conditioned media samples ( Figure 2F ). The mRNAs of other ligands for EGFR (Egf and Tgfa) or ERBB3 and ERBB4 (Nrg1, Nrg2, Nrg3, and Nrg4) were not detectable. We observed that EGFR phosphorylation and PI3K activity were suppressed by treatment with neutralizing antibodies against amphiregulin and β-cellulin, administered in combination but not singly ( Figure 2 , G and H); treatment with tyrosine kinase inhibitors that were selective for EGFR (erlotinib) or EGFR and ERBB2 (afatinib) prominently decreased the phosphorylation of EGFR and ERBB2 ( Figure 2I ) and their downstream effectors (ERK, AKT, and mTOR) (Supplemental Figure 7E ) and diminished p110α enzymatic activity (Figure 2J ) but not invasion (data not shown). Although the reason for the lack of anti-invasive activity is not clear, feedback loops activated by EGFR/ERBB2 antagonists (27) may have contributed. These findings suggest that ZEB1 increased p110α catalytic activity by stimulating an EGFR/ERBB2 autocrine loop.
Next, we examined the mechanisms by which ZEB1 increased the expression of amphiregulin and β-cellulin. The activities of luciferase reporters containing the Areg or Btc 3′-UTRs were Promoter reporter assays. 393P cells were transiently cotransfected with Btc or Areg promoter luciferase reporters (500 ng/well in 24-well plates) and control or a GATA6 expression vector (500 ng). Mean ± SD from triplicate samples. (E) qPCR analysis (bar graph) and Western blot analysis (gels) of GATA6 expression. qPCR values, normalized on the basis of ribosomal protein L32 mRNA levels, represent the mean ± SD from triplicate samples and were expressed relative to 393P_vector cells (Vec), which were set at 1.0. Actin was included as a loading control. (F) 3′-UTR reporter assays. 344SQ cells were transiently cotransfected with pre-miR-200a and Gata6 3′-UTR luciferase reporters, in which predicted miR-200 binding sites were wild-type or mutated. Results were normalized using a dual firefly/Renilla luciferase system. ZEB1 3′-UTR was used as a positive control. Mean ± SD from triplicate samples. Results are expressed relative to the normalized luciferase activity in hRL-transfected (empty vector-transfected) cells.
repressed by cotransfection of miR-200 pre-miRs, and this suppression was mitigated by site-directed mutagenesis of the predicted miR-200 binding sites in the Areg and Btc 3′-UTRs (www.targetscan.org) ( Figure 3A) . Furthermore, ectopic ZEB1 expression increased RNA polymerase II binding to the Areg and Btc promoters ( Figure 3B ), suggesting that ZEB1 upregulated the expression of these genes at the transcriptional level. Given that ZEB1 typically functions as a transcriptional repressor, we postulated that it relieves the repression of a transcriptional activator of Areg and Btc. On the basis of the presence of predicted binding sites in the Areg and Btc gene promoters (http://jaspar.genereg.net), we performed cotransfection assays to determine whether ZEB1, ETS1, GATA3, GATA4, or GATA6 can activate luciferase reporters containing Areg or Btc promoter elements. GATA6 activated both promoters ( Figure 3C ) and bound to the Areg and Btc gene promoters in ChIP assays ( Figure 3D ). We found that GATA6 levels were increased by ectopic ZEB1 expression and suppressed by ectopic miR-200b/200a/429 expression ( Figure 3E ). Cotransfection of miR-200a pre-miRs suppressed the activity of a Gata6 3′-UTR luciferase reporter, and this suppression was mitigated by site-directed mutagenesis of a predicted miR-200 binding site in the Gata6 3′-UTR (www.targetscan.org) ( Figure 3F ). In conclusion, ZEB1 increased the expression of amphiregulin and β-cellulin by derepressing miR-200 targets (Areg, Btc, and Gata6).
ZEB1 regulates the expression of PI3K pathway signaling components. Given that the amplification of certain PI3K signaling components is oncogenic (28-30), we hypothesized that these genes are transcriptional targets of the ZEB1/miR-200 axis. The effects of ectopic ZEB1 on the levels of numerous PI3K signaling components are opposite those of ectopic miR-200b/200a/429 ( Figure 4A ). The expression of 2 genes with large fold changes, Pik3ca and Rheb, was confirmed by immunoblotting of KP and human lung cancer cells ( Figure 4B and Supplemental Figure 8A ). To determine whether p110α promotes metastasis, we performed shRNA-mediated deple- tion of p110α, which reduced p110α protein levels by 90% and 60% in Pik3ca shRNA #1 and #2 transfectants, respectively ( Figure 4C ). p110α depletion had no detectable effect on cell proliferation in monolayer culture ( Figure 4D ), led to decreased soft agar colony formation ( Figure 4E ) and Boyden chamber invasion ( Figure 4F) , and caused decreased lung metastasis incidence without significantly changing the size of primary tumors in syngeneic, immunocompetent mice ( Figure 4G ). To investigate the prometastatic role of RHEB, we rendered 344SQ cells RHEB deficient by transfecting them with either of 2 different shRNAs (Supplemental Figure 8B) ; this reduced the phosphorylation of S6 ribosomal protein (Supplemental Figure 8C ), decreased invasion in Boyden chambers ( Figure 5A) , and reduced the numbers of lung metastases without consistently decreasing the size of primary tumors in syngeneic, immunocompetent mice ( Figure 5B ).
To gain insight into the mechanisms by which PI3K-dependent signaling promotes invasion, RNA samples from 344SQ_Pik3ca shRNA cells and 344SQ_scrambled (344SQ_scr) cells were subjected to global transcriptional profiling. Using 344SQ_scr cells as the reference, 697 Affymetrix probe sets (538 unique genes) were differentially expressed (353 upregulated and 185 downregulated by a factor of at least 2.0; P < 0.01; Supplemental Figure 8D and Supplemental Table 1 ). Of 18 highly up-or downregulated genes from the arrays sampled, 15 were differentially expressed by quantitative RT-PCR (qRT-PCR) analysis (Supplemental Figure 8E) . We performed an enrichment analysis (Fisher's exact test using gene ontology terms [www.ingenuity.com]) to examine the predominant gene functions in the expression signature, which revealed enrichment in "cellular movement" (114 genes, P = 4.73 × 10 -8 to 6.20 × 10 -3 ), "cellular development" (135 genes, P = 1.61 × 10 -9 to 6.40 × 10 -3 ), "cellular assembly and organization" (78 genes, P = 1.91 × 10 -7 to 6.20 × 10 -3 ), "cellular function and maintenance" (129 genes, P = 1.91 × 10 -7 to 6.20 × 10 -3 ), and "protein synthesis" (37 genes, P = 5.34 × 10 -7 to 5.63 × 10 -3 ). Of particular interest among the downregulated genes were promigratory genes that encode cell surface receptors (Flt1, Itgb5, and Fzd6), secreted ligands (Nrg1 and Wnt9), collagens (Col4a4 and Col4a5), and regulators of the actin cytoskeleton (Tns1, Myh10, and Six4) (31) (32) (33) (34) (35) (36) , several of which were confirmed by qRT-PCR analysis (Supplemental Figure 8F) . Flt1 encodes a cell surface receptor (VEGFR1) that is required for invasion and metastasis in KP cells (36) , but reconstitution of FLT1 expression in 344SQ_Pik3ca shRNA cells (Supplemental Figure 8G) was not sufficient to enhance invasion in Boyden chamber assays (Supplemental Figure 8H) . We conclude that PI3K upregulates the expression of multiple promigratory genes that act cooperatively to promote cell invasion. Results were normalized using a dual firefly/Renilla luciferase system. Mean ± SD from triplicate samples. Results are expressed relative to the normalized luciferase activity in pGL3 basic vector-transfected cells. (F and G) GATA3 ChIP assays on the PIK3CA (F) and RHEB (G) promoters in 293T cells and H322 cells, respectively. Controls include whole-cell lysates (input), ChIP using IgG, and amplification of an upstream region in the PIK3CA promoter (PCR #1) and intron 7 of RHEB (PCR #2) containing no predicted GATA-binding sites. Sizes of the PCR products generated from regions containing predicted GATA-binding sites in PIK3CA promoter (PCR #2 and PCR #3) and RHEB promoter (PCR #1) are indicated.
ZEB1 upregulates the expression of Pik3ca and Rheb through a friend of GATA 2/GATA3-dependent mechanism.
We queried the mechanisms by which ZEB1 increased the expression of Pik3ca and Rheb. Despite having a predicted miR-200 binding site (www.targetscan.org), a Rheb 3′-UTR reporter was not suppressed by cotransfection of miR-200 pre-miRs (Supplemental Figure 9A) . Ectopic miR-200b/200a/429 expression decreased RNA polymerase II binding to the Pik3ca and Rheb gene promoters ( Figure 5C ), suggesting that these genes were regulated at the transcriptional level. On the basis of the presence of predicted binding sites in the PIK3CA and Rheb gene promoters (http://jaspar.genereg.net), we performed cotransfection assays to determine whether GATA3, GATA4, GATA6, p53, ΔNp63, ZEB1, or ETS1 can activate luciferase reporters containing PIK3CA or Rheb promoter elements. GATA3 activated both promoters, whereas a mutant GATA3 that was deficient in DNA-binding activity did not have this effect (Figure 5 , D and E, and Supplemental Figure 9 , B and C), and GATA3 bound to the promoter regions of PIK3CA ( Figure 5F ) and RHEB ( Figure 5G ) in ChIP assays. These are noteworthy findings, given that GATA3 is a driver of invasion and metastasis in KP cells (37) .
Although GATA3 levels did not change in response to ectopic ZEB1 expression in 393P cells (data not shown), the levels of friend of GATA 2 (FOG2), a GATA3 coactivator that formed complexes with GATA3 in 344SQ cells ( Figure 6A ), were increased by ectopic ZEB1 in 393P cells ( Figure 6B ), and FOG2 was expressed at higher levels in mesenchymal than in epithelial KP cells ( Figure 4B ). The Fog2 3′-UTR has predicted binding sites for miR-200c and miR-183 (www.targetscan.org), which are transcriptional targets of ZEB1 in 393P cells (25) . The activity of a Fog2 3′-UTR luciferase reporter was repressed by cotransfection of miR-200c or miR-183 pre-miRs, which was mitigated by site-directed mutagenesis of the predicted miR-200 and miR-183 binding sites in the Figure 6G ) and diminished lung metastases, but not primary tumor size, in syngeneic, immunocompetent mice ( Figure 6H ). Thus, we conclude that ZEB1 upregulates p110α expression and promotes metastasis by derepressing FOG2, a miR-200 and miR-183 target.
FOG2 is not required for ZEB1-induced mesenchymal differentiation. On the basis of its proinvasive role, we postulated that FOG2 mediates ZEB1-induced mesenchymal differentiation, a process that is temporally linked with EMT-associated cell invasion (6) . An analysis of the transcriptional profiles of human lung and breast tumors classified as mesenchymal or epithelial on the basis of known EMT markers revealed that FOG2 (ZFPM2) expression was not correlated with clinical outcome, but was correlated strongly with the presence of an EMT signature (Table 3 ) and ZEB1 expression ( Figure 7A ). However, FOG2 knockdown in 344SQ cells did not change cell morphologic characteristics (Supplemental Figure 11A ) or the expression of epithelial or mesenchymal markers (Supplemental Figure 11B) . Similarly, treatment with PX-866 did not change the basal or TGF-β-induced expression of epithelial and mesenchymal markers in KP cells (Supplemental Figure 11 , C and D) or human lung cancer cells (Supplemental Figure 11E) . On the basis of these findings, we conclude that ZEB1-induced mesenchymal differentiation and invasion are separable processes.
Discussion
In this study, we explored the feasibility of metastasis inhibition in a mouse model driven by expression of mutant KRAS and p53 that closely mimics the features of poor-prognosis human lung adenocarcinomas (12) . Treatment with a PI3K antagonist suppressed distant metastasis without affecting spontaneous lung tumor multiplicity, which is consistent with previous findings that PI3K inhibition does not inhibit the growth of spontaneous Krasmutant lung adenocarcinomas in mice (38) . In the context of recent reports that EMT sensitizes tumor cells to AXL RTK inhibitors (39), these findings suggest that therapeutic approaches to target mesenchymal tumor cells are feasible and of clinical value.
PI3K is a critical mediator of oncogenic KRAS and is activated through multiple mechanisms in KRAS-mutant cells. KRAS binds directly to the p110α catalytic subunit, and abrogating this interaction suppresses tumor development in mouse models of lung cancer (16) . RTKs can also function as intermediaries. In KRAS-mutant colon carcinoma cells, IGF-1R is highly expressed, binds to PI3K, and is required for PI3K activation (40) . High expression of RON in KRAS-mutant lung and pancreatic tumors is part of a "KRAS addiction" gene expression signature that activates PI3K, maintains epithelial differentiation, and promotes tumor cell viability (4) . In mice that develop KRAS-mutant human pancreatic tumors, EGFR activates PI3K and is required for tumor outgrowth (41) . Here, ZEB1 activated PI3K by derepressing miR-200 targets (AREG, BTC, and GATA6) that stimulated an EGFR/ERBB2 autocrine loop and by derepressing a miR-200 and miR-183 target, FOG2, that enhanced GATA3-induced expression of p110α ( Figure 7B ). Collectively, these findings suggest that the pathways through which KRAS-mutant cancer cells activate PI3K become more numerous as the cells acquire additional driver mutations, implying that sustained PI3K activity is essential for the malignant progression of KRAS-mutant tumors.
Central to the "migrating stem cell hypothesis" is the belief that highly metastatic tumor cells can transit reversibly between epithelial and mesenchymal states and acquire stem cell properties in response to extracellular cues (24) . These dynamic events are regulated by a double-negative feedback loop between ZEB1 and miR-200. The link between TP53 gain of function, which underlies this cellular plasticity, and ZEB1 upregulation is unclear. One candidate is miR-130b, which is a transcriptional target of mutant p53 that binds directly to the ZEB1 3′-UTR (42) . Targets of the miR-200 family include SOX2, KLF4, BMI1, and SUZ12, which function as master regulators of cell specification during embryonic development (10, 43) . Similar to these master regulators, GATA3 plays a fundamental role in development and tumorigenesis (44) . In the breast, GATA3 is required for luminal epithelial differentiation and commitment, and its expression is lost as breast epithelial cells progress to fully transformed adenocarcinomas (45) . Reconstitution of GATA3 expression in undifferentiated breast carcinoma cells is sufficient to induce epithelial differentiation and suppress metastasis (45) . In contrast to its suppressive effect on EMT and metastasis in the breast, GATA3 induces EMT and promotes metastasis in lung cancer cells through transcriptional repression of the miR-200b/200a/429 cluster (37) . We evaluated large human tumor datasets and found that, consistent with its opposing roles in breast and lung cancer cells, GATA3 expression was correlated with an epithelial state in breast cancer and a mesenchymal state in lung cancer. These findings suggest that the biologic role of GATA3 varies dramatically in different tumor cell types. The complexity of GATA3 as a regulator of tumor cell biology depends partly on its transcriptional cofactors. GATA3 associates with FOG1 or FOG2, which can function as coactivators or corepressors of target genes (46) . FOG2 is critical for normal cardiac development in mice, and germline FOG2 mutations are associated with congenital cardiac defects in humans (47, 48) . FOG2-deficient epicardial cells can undergo EMT (48), as we observed in KP cells, but GATA3 deficiency shifts KP cells into an epithelial state that is refractory to TGF-β treatment (37) , suggesting that FOG2 mediates its actions in part through GATA factors other than GATA3. Unlike FOG1, which binds preferentially to GATA1, GATA2, and GATA3 and is expressed predominantly in hematopoietic cells, FOG2 binds to GATA3, GATA4, GATA5, and GATA6 and is expressed broadly in epithelial, myocardial, neuronal, and hepatic cells (46) . GATA factors share varying degrees of homologic features and have functions that are partially interchangeable. For example, the erythrocytic phenotype of Gata1-null mice can be partially rescued by knocking Gata3 into the Gata1 locus, presumably because of common target genes regulated by these GATA factors (44) . However, GATA2 and GATA3 have nonoverlapping biologic roles in KRAS-mutant lung adenocarcinoma cells; GATA2 maintains the survival of KRAS-mutant human lung cancer cells (49) , whereas the viability of KP cells is not reduced by GATA3 depletion (37) . In sum, FOG2 may mediate its actions through multiple GATA factors with overlapping and nonoverlapping functions.
Despite reports demonstrating a temporal linkage between EMT and metastasis (6, 50) , the role of EMT in metastasis is unclear. The findings reported here are consistent with a growing body of evidence that EMT is neither sufficient nor required for metastasis. Expression of the polarity proteins PARD3 and SCRIB is silenced in advanced cancers, and targeted deletion of PARD3 or SCRIB promotes tumorigenesis and metastasis and compromises cell-cell cohesion without inducing EMT (51, 52) . While the expression of an EMT activator (TWIST1 or PRRX1) is sufficient to induce tumor cell invasion and dissemination, this expression must be downregulated and EMT must be reversed to allow colonization at distant sites (50, 53) . Similarly, miR-200 family members can inhibit invasion in primary tumors while promoting colonization at distant sites (13, 54) . Collectively, these findings suggest that EMT is part of a larger and more complex transcriptional program that is driven by EMT activators like ZEB that confer specific biologic properties needed to complete each stage of the metastasis cascade.
Methods
Mouse experiments. For the syngeneic tumor experiments, 1 × 10 6 KP cells were subcutaneously injected into the flanks of 10-to 16-week-old wildtype littermates of KP mice bred in our mouse colony. These mice were killed 6 weeks after injection or at the first signs of morbidity. For the PX-866 treatment experiments, PX-866 (2 mg/kg/d) or its vehicle (5% alcohol in drinking water) was orally administered 3 times a week. The drug was administered for 6 weeks in 8-to 12-weekold wild-type mice bearing syngeneic tumors or for 16 weeks in 16-to 20-week-old KP mice bearing spontaneous lung tumors. Necropsies were performed on KP mice to quantify the number of primary lung tumors; to diagnose the histological features of H&E-stained, formalin-fixed, paraffin-embedded lung tumor tissues, as described previously (55); and to determine the presence or absence of metastases to regional mediastinal lymph nodes and distant extrathoracic sites. Necropsies were performed on wild-type mice that had been injected with syngeneic tumor cells to measure the diameters and weights of primary flank tumors and to determine whether the tumor cells had spread to distant sites on the basis of a visual examination of the lungs and histologic evaluation of H&E-stained, formalinfixed, paraffin-embedded lung tissue.
Antibodies. We purchased anti-p110α (sc-7174), anti-p110β (sc-7175), anti-p110γ Cell culture and generation of shRNA transfectants. The isolation and culture conditions for murine KP cell lines, transfectants derived from them, and human lung cancer cell lines were described previously (13, 25) . Human lung cancer cell lines that express ectopic miR-200b/200a/429 under the control of a doxycycline-inducible promoter (H1299) or that constitutively express ectopic ZEB1 (HCC827) will be described elsewhere. Unless indicated otherwise, cells were treated with 25 nM PX-866 or vehicle. We purchased sets of shRNA constructs for murine Rheb (Open Biosystems) and Fog2 (OriGene). shRNA constructs for Pik3ca were generated by inserting the following sequences into the pLKO.1 shRNA expression vector (8453; Addgene): for shRNA #1, CCGGTGTGAAACAAGACGACTTTGTGACCTTCGGCTTCAAGAGAGC-CGAAGGTCACAAAGTCGTCTTGTTTCATTTTTG, and for shRNA #2, CCGGTGAGAGGTTTCAGGAGATGTGTTACAAGGCTTTCAAGA-GAAGCCTTGTAACACATCTCCTGAAACCTCTTTTTTG. Two micrograms of each shRNA construct was transfected into cells using lipofectamine and PLUS reagent (Invitrogen). Stable transfectants were generated by culturing the cells in the presence of puromycin (15 μg/ml) for 4 to 6 weeks.
Cell invasion assay. The upper chambers of growth factor-reduced Matrigel invasion chambers (354483; BD Biosciences) were seeded with cells (1 × 10 5 cells per well) in triplicate wells. Medium (RPMI 1640), with or without 10% FBS, was placed in the lower and upper chambers, respectively. Drugs were added to the lower chambers at the time the medium was added. Cells ELISA. BTC (MB0323) and AREG (MA0623) ELISA kits were purchased from NeoBioLab. The assay was performed on conditioned media samples collected from cell cultures according to the manufacturer's protocol.
RNA extraction and qPCR assays. Cells were grown to 80% confluence in RPMI 1640 supplemented with 10% FBS on 6-well plates, washed with ice-cold PBS, and subjected to RNA extraction using 1 ml of TRIzol (Invitrogen). mRNA was reverse transcribed using SuperScript III (Invitrogen). For qPCR reactions, 1:10 dilutions of cDNA products were amplified using SYBR Green PCR Master Mix and analyzed using the 7500 Real-Time PCR System (both from Applied Biosystems). For the analysis of miR-200 family members, TaqMan assays (Applied Biosystems) were performed using 10 ng of total RNA. mRNA and miRNA expression values were normalized on the basis of ribosomal protein L32 mRNA and snoRNA-135 levels, respectively. The qPCR primers used in this study are listed in Supplemental Table 2 .
mRNA expression profiling. Snap-frozen samples were shipped on dry ice to Asuragen for processing and analysis using GeneChip Mouse Genome 430A 2.0 Array Chips (Affymetrix). Total RNA was isolated and quantified, and gene expression data were generated as described previously (13); arrays were quantile normalized. Array data have been made available through the Gene Expression Omnibus (GEO GSE46869). Two-sided Student's t tests and fold changes with log-transformed data were used to determine any significant differences between groups of samples in mean gene mRNA levels, as described previously (56) . Expression patterns were visualized as color maps using Java TreeView software (57) . Gene ontology annotation terms were searched for within gene sets using SigTerms (58) .
ChIP assay. Cells were cross-linked with 1% formaldehyde and incubated in lysis buffer (50 mM Tris-HCl [pH 8.1], 1% SDS, 10 mM EDTA, and protease inhibitor cocktail) on ice for 10 minutes and sonicated (Cole-Parmer GEX-130 sonicator; pulse mode for 10 seconds, followed by no pulsing for 10 seconds for 20 cycles at 50% power). For RNA polymerase II ChIP assays, 344SQ_vector and 344SQ_miR-200 cells were immunoprecipitated with anti-RNA polymerase II antibody (Millipore) or control mouse IgG. DNA was eluted and purified with a PCR purification kit (QIAGEN), and qPCR analysis was carried out using specific primers to amplify Pik3ca or Rheb promoters. To detect binding of GATA3 to the PIK3CA and RHEB gene promoters, anti-GATA3 antibodies were used to immunoprecipitate GATA3/chromatin complexes from H322 cells and 293T cells (after transiently transfecting the latter with a GATA3 expression vector), as previously described (37) . Anti-GATA6 antibodies were used to immunoprecipitate GATA6/chromatin complexes from 393P_ZEB1 cells. The PCR primers for ChIP assays are listed in Supplemental Table 3 .
Luciferase assay. Murine Rheb promoter (-2,251 to +749 bp from the transcription start site) was isolated by PCR amplification from a murine BAC clone (RPCI-23 64J21; BACPAC Resource Center) and ligated into the pGL3-Basic vector (Promega). Murine Btc (-2,081 to +674 bp) and Areg (-2,122 to +626 bp) promoters were isolated by PCR amplification from genomic DNA of TC-1 mouse embryonic stem cells. Human PIK3CA promoter (-829 to +105 bp) in a pGL3-Basic vector was a gift from Arezoo Astanehe (University of British Columbia, Vancouver, British Columbia, Canada). 344SQ cells were seeded on 24-well plates (1 × 10 5 cells/well) 1 day before transfection. Cells were cotransfected with promoter reporters (500 ng) and wild-type or mutant GATA3 (Addgene plasmids #1332 and #1334, respectively) or GATA6 (a gift from David Berger, the Michael E. DeBakey VA Medical Center, Houston, Texas, USA). A pRL-TK vector (50 ng, Promega) was cotransfected as an internal control. After 48 hours of transfection, luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. The ZEB1 3′-UTR (1.9 kb; a gift from Gregory Goodall, University of Adelaide, Adelaide, Australia) was subcloned into the pCI-neo-hRL vector.
were incubated at 37°C for 24 hours. The invaded cells were visualized with Diff-Quik Stain (Dade Behring). Three microscopic fields (original magnification, ×10) were photographed and counted per chamber, and the results were expressed as the mean ± SD of invaded cells from the replicate wells.
Cell proliferation assay. Cells (1 × 10 3 cells/well) were plated in quadruplicate in RPMI 1640 supplemented with 10% FBS on 96-well cell culture plates and treated with or without PX-866 for 3 days. Cells were then subjected to a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay (M5655; Sigma-Aldrich) for 3 hours at 37°C before being lysed in dimethyl sulfoxide (200 μl/well). Cell proliferation was quantified at an optical density of 570 nm on a BenchMark microplate reader (BioRad).
Colony formation assay. Cells in monolayer culture were harvested by being briefly digested with 0.05% Trypsin-EDTA (25300-054; Invitrogen), resuspended in DMEM containing 10% FBS, and aspirated through a 25-gauge needle to generate single-cell suspensions. Cells (1 × 10 4 ) were mixed with 0.3% agar and plated on 0.6% agar in DMEM supplemented with 20% FBS in 6-well plates. Cultures were maintained for 14 days to allow the formation of cell colonies, which were visualized by MTT staining (M5655; Sigma-Aldrich), manually counted, and expressed as the mean ± SD of the number of colonies from replicate (triplicate) wells.
Protein extraction, immunoprecipitation, and Western blotting. Cells were lysed in lysis buffer containing 10 mM Tris (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 10 mM Na4P2O7, 1 mM PMSF, and protease inhibitor cocktail (P8340; Sigma-Aldrich). The lysates were quantified for protein concentrations with BCA protein assay reagents (Pierce Biotechnology). For FOG2/GATA3 coimmunoprecipitation studies, 393P_ZEB1 cells were cotransfected with FOG2/FLAGpCK (a gift from V. N. Kim, Seoul National University, Seoul, Republic of Korea) and GATA3/pEGFP-C3 (subcloned from GATA3/pcDNA3.1; 1332; Addgene) plasmids. Cell lysates were then immunoprecipitated with anti-FOG2 or anti-GATA3 antibody, and the immunoprecipitates were subjected to Western blotting using anti-GATA3 or anti-FOG2 antibody, respectively. For Western blotting, proteins (30 μg per sample) were electrophoresed in SDS-polyacrylamide gel and transferred onto nitrocellulose membranes (Amersham Hybond ECL; GE Healthcare). The membranes were blocked with 5% skim milk in Tris-buffered saline and Tween-20 and then incubated with primary antibodies overnight at 4°C. After being washed with Tris-buffered saline and Tween-20 for 30 minutes at ambient temperature, the membrane was further incubated with HRP-conjugated secondary antibodies for 1.5 hours, followed by 30 minutes of washing with Tris-buffered saline and Tween-20. Protein bands were visualized with ECL substrates (Pierce Biotechnology).
PI3K activity assay. p110 isozyme-specific activity was measured using an ELISA kit (K1000s; Echelon). In brief, p110 isozymes were immunoprecipitated from total cell lysates (500 μg) using anti-p110α, -β, -γ, or -δ-specific antibodies, and the immunoprecipitates were isolated with Protein A/G Plus Agarose (sc-2003; Santa Cruz Biotechnology Inc.). PI3K reactions were run using the class I PI3K physiologic substrate PI(4,5)P2 (PIP2). The enzyme reactions, PIP3 standards, and controls were then mixed and incubated with immunoprecipitated p110 protein. This mixture was then transferred to a PIP3-coated microplate for competitive binding. A peroxidase-linked secondary detector and colorimetric detection were used to quantify the amount of PIP3 (picomoles) produced by PI3K by comparing the enzyme reactions with a PIP3 standard curve.
Phosphorylated RTK arrays. Using the Proteome Profiler Mouse Phospho-RTK array kit (R&D Systems), array membranes were incubated overnight with 300 μg of total protein lysates, and phosphorylated RTKs were detected using an anti-phosphotyrosine HRP detection antibody and ECL reaction. Pixel densities of phosphorylated RTK spots were analyzed using Quantity One (Bio-Rad).
